To assess the influence of supplementation with a moderate dose of vitamin A in early life on adipose tissue development and the response to an obesogenic diet later in life. METHODS: During the suckling period, rat pups received a daily oral dose of retinyl palmitate corresponding to three times the vitamin A ingested daily from maternal milk. Control rats received the vehicle (olive oil). Short-term effects of treatment on gene expression and morphology of white adipose tissue (WAT) were analyzed in animals on the day after weaning (day 21). To study long-term effects, control and vitamin A-treated rats were fed, after weaning, a normal fat or a high-fat (HF) diet for 16 weeks. RESULTS: WAT of vitamin A-treated young rats (day 21) was enriched in small adipocytes with a reduced expression of adipogenic markers (peroxisome proliferator-activated receptor g and lipoprotein lipase) and an increased cell proliferation potential as indicated by increased expression of proliferating cell nuclear antigen. Increased retinoic acid (RA)-induced transcriptional responses were present in the tissues of vitamin A-treated young rats (day 21) including WAT. Vitamin A-treated rats developed higher adiposity than control rats on a HF diet as indicated by body composition analysis and increased WAT depot mass, adipocyte diameter, WAT DNA content, leptinemia and adipose leptin gene expression. Excess adiposity gain in vitamin A-treated rats developed in the absence of changes in body weight and was attributable to excess adipocyte hyperplasia. No differences in adiposity were observed between vitamin A-treated rats and control rats on a normal fat diet. Total retinol levels in WAT of vitamin A-treated rats were elevated at weaning (day 21) and normalized by day 135 of age. CONCLUSION: Vitamin A intake in the early stages of postnatal life favors subsequent HF diet-induced adiposity gain through mechanisms that may relate to changes in adipose tissue development, likely mediated by RA.
INTRODUCTION
Hormonal, metabolic and nutritional cues at critical periods in early life may determine the propensity to develop obesity and related disorders in adulthood 1 through mechanisms involving epigenetic changes 2, 3 and effects on the development of anatomical structures crucial to the control of energy balance and storage, such as regulatory brain centers 4 and the adipose depots themselves. 5 Total energy intake, diet macronutrient composition, maternal signals present in breast milk such as leptin 6 and nutrients that participate in methyl transfer epigenetic reactions 7, 8 have been implicated in this programming. In general, however, studies dealing with the impact of specific micronutrients on the metabolic programming of obesity are scarce.
Vitamin A is a bioactive micronutrient in the control of adipose tissue biology. 9, 10 Retinoic acid (RA), its acid form, potently blocks adipogenesis of cultured preadipose cells when introduced at early stages of the differentiation process, 11 although other reports indicate that RA at low doses may in fact promote adipogenesis. [12] [13] [14] Studies in adult rodents treated with RA [15] [16] [17] [18] [19] [20] [21] [22] [23] or retinaldehyde 24 sustain an antiadiposity action of vitamin A derivatives in vivo. Furthermore, results from animal studies 16, [25] [26] [27] [28] and human observational studies 29, 30 point to an inverse relationship between vitamin A status and body fat content. The antiadiposity action of RA has been traced to increased fatty acid oxidation and energy expenditure in adipose tissues, 15, 19, 21, 31 skeletal muscle 20, 32 and the liver, 33 and to reduced peroxisome proliferator-activated receptor g (PPARg) levels and activity in white fat. 16, 34, 35 PPARg is a nuclear receptor transcription factor key for adipogenesis and also required for lipogenesis and survival in mature adipocytes. 36 Despite the many studies linking vitamin A to the control of adipogenesis in cell models and adiposity in adult animals, little is known about the impact of vitamin A intake in early life on adiposity in the long-term. The objectives of this work were: first, to study the impact of supplementation with a moderate dose of vitamin A during the suckling period on adipose tissue development in young rats at weaning and second, to study the influence of early vitamin A supplementation on later responses to a standard and an obesogenic (high fat (HF)) diet.
guidelines for the use and care of laboratory animals of the University were followed.
Analysis of vitamin A concentration in rat milk during lactation. To determine the vitamin A amount to be administered to the rat pups, we first quantified by high performance liquid chromatography (HPLC) the total vitamin A (retinol) concentration in the milk of lactating rats mated at our animal house. For this, after an acclimation period of one month, 3-month-old, virgin female Wistar rats (from Charles River Laboratories, Barcelona, Spain) were caged with a male rat. After mating, the rats were individually housed. Rats were kept under controlled temperature (22 1C ) and a 12-h light/dark cycle, with free access to water and a standard chow (Panlab, Barcelona, Spain; 4.5 mg vitamin A kg -1 ). The day of delivery was defined as day 0 of lactation. Milk was collected from three dams on days 7, 12 and 18 of lactation. For collection, nursing rats were separated from their pups for 6 h to guarantee that mammary glands were full of milk. The dams were then exposed to ether and milk was obtained by manual milking and stored at À 20 1C. HPLC analysis revealed that vitamin A sources in milk were free retinol (in all-trans and 13-cis form) and retinyl ester (RE). The total vitamin A concentration (free retinol plus RE) in rat milk at days 7, 12 and 18 of lactation was, respectively, 1.15±0.23 mM, 0.93±0.25 mM and 1.32±0.13 mM. The average concentration of the 3 days (1.13 mM) was used in further study designs (see below).
Study of the effects of early vitamin A supplementation on young rats at weaning. Female Wistar rats were mated with male rats and housed as described above. On day 1, excess pups were removed to keep 10 pups per dam. Pups in each litter were randomly assigned into two groups which, from day 1 to day 20, were given daily orally, with the aid of a pipette, 10-15 ml of vehicle (olive oil, control rats) or an emulsion of vitamin A as RE (retinyl palmitate, Sigma, St. Louis, MO, USA) in olive oil supplying 3 times the daily vitamin A intake from maternal milk (RE rats). The amount of extra vitamin A given daily was progressively adjusted from 2.1 mg on day 1 to 48.9 mg on day 20, considering the vitamin A content in rat milk (see above) and the estimated daily milk intake throughout the suckling period in rats according to Kojima et al. 37 On the day after weaning (day 21), control and RE rats were euthanized (16 rats from at least four different mothers/group; similar numbers of male and female rats were included in each group; results for both sexes were similar and were pooled). Blood was collected from the neck and serum prepared and stored at À 20 1C until analysis. Intestine, liver and white adipose tissue (WAT) depotsinguinal, gonadal and retroperitoneal-were dissected, weighed, frozen in liquid nitrogen and stored at À 70 1C until analysis. A lengthways fragment of inguinal WAT (iWAT) was fixed by immersion in 4% paraformaldehyde for morphological and immunohistochemical analysis (see below).
Study of the effects of early vitamin A supplementation on diet-induced obesity later in life. Rats were treated, as described above, with vehicle or RE during the suckling period. On the day after weaning (day 21), 10 control and 10 RE male rats were housed 2 or 3 animals per cage and split into two groups (5 animals per group), which were fed ad libitum for 16 weeks a normal fat diet (providing 15.9 kJ g -1 and 10% energy as fat) or a HF diet (providing 21.8 kJ g -1 and 60% energy as fat), making a total of four experimental groups. Both diets were commercially available (Research Diets, Inc., New Brunswick, NJ, USA) and contained 1200 mg vitamin A kg -1 . Male rats were used because in our preliminary experiments, they were found to develop more obesity upon HF diet than female rats. Possible differences between litters were solved by ensuring the presence of pups from the same litters in each of the four experimental groups. Body weight and food intake were recorded 2-3 times a week. Rectal temperature and body composition were determined periodically using a digital thermometer and an Echo MRI-900t wall body composition analyzer (EchoMRI, Houston, TX, USA), respectively. NF and HF diet-fed animals were sacrificed at day 135 of age by decapitation, under fed conditions, within the first three hours of the light period. Blood and tissues were collected and stored as described above. This experiment was conducted twice, using two independent cohorts, each of 20 animals from 4-5 different mothers.
Oral glucose tolerance test
Oral glucose tolerance test was performed on the four groups of rats in the long-term experiment at the age of 70 days and 128-130 days. In brief, a load of glucose (1.5 g per kg of body weight in 1-1.5 ml) was orally given to the overnight fasted rats using a cannula. Tail blood samples were taken before glucose load at time 0 and at 30, 60, 120 and 180 min thereafter, and used to measure glucose levels (see below). Fasting insulin and glucose concentrations at time 0 were used to calculate the quantitative insulin check index of insulin sensitivity (QUICKI: 1/[log(insulin) þ log(glucose)]) as a surrogate measure of insulin resistance. 38 
Blood parameters
Serum insulin, leptin and resistin were measured using commercial ELISA kits (from, respectively, DRG Instruments GnbH, Marburg, Germany; R&D Systems, Minneapolis, MS, USA; and Phoenix Pharmaceutical Inc, Belmont, CA, USA). Glucose, triacylglycerol and nonesterified fatty acids in serum were measured enzymatically using commercial kits (from, respectively, Roche and R-Biopharm, Darmstadt, Germany; Sigma, St Louis MO, USA; and Wako Chemicals GmbH, Neuss, Germany) following standard procedures.
Histology and immunohistochemistry
Fixed iWAT lobules were dehydrated, cleared and paraffin-embedded so that the plane of section corresponded with the one of the wider surface. 5 mm-thick sections at the same level were obtained and stained with hematoxylin/eosin for morphometric analysis, performed by digital acquisition of adipose tissue areas (using Axio Vision software and Axioskop 2 microscope with AxioCam ICc3 digital camera, Carl Zeiss Microscopy GmbH, Jena, Germany). Distributions of adipocyte size were obtained from individual data of cell sizes. To avoid interrating variation, a single observer (E.C.) carried out morphometric analysis (coefficient of variation less than 7%). Immunohistochemistry of proliferating cell nuclear antigen (PCNA) was performed using a commercial anti-PCNA antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Extraction and analysis of retinoids
Extraction of retinoids from tissues 35, 39 and HPLC separation of retinoids and quantification of the peak integrals 40 were performed as previously described. Solvents for HPLC and extraction were purchased in HPLC grade from Merck (Darmstadt, Germany).
RNA isolation
Total RNA was extracted from tissues using Tripure Reagent (Roche). Isolated RNA was quantified using the NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE, USA) and its integrity confirmed using agarose gel electrophoresis.
Real-time quantitative PCR (RT-qPCR) analyses
Total RNA was denatured and reverse transcribed to cDNA, and PCRs for selected genes were performed using the Applied Biosystems StepOnePlusTM Real-Time PCR Systems (Applied Biosystems, Foster City, CA, USA) as described previously. 41 Primers used were obtained from Sigma (sequences are available upon request). The threshold cycle was calculated by the instrument's software (StepOne Software v2.0, Applied Biosystems) and the relative expression of each mRNA was calculated according to Pfaffl , 42 using 18S rRNA, b-actin or LRP10 as reference gene (similar results were obtained using either of them).
Other determinations
Tissue DNA content was determined by a fluorometric method that uses 3,5-diaminobenzoic acid and total lipid content was extracted using organic solvents and quantified by weight as previously described. 19 Tissue PPARg protein levels were determined by immunoblotting as previously described. 34, 35 Statistical analysis Data are presented as means±s.e.m. Statistical significance of differences between groups was assessed by two-way ANOVA and two-tailed Student's t test using SPSS 14.0 for windows (SPSS, Chicago, IL, USA). Distributions of adipocyte size were analyzed by the quantitative distribution method. The comparison of distributions between the control and the RE groups was determined by Kolmogorov-Smirnov test. Threshold of significance was set at Po0.05.
Vitamin A in early life and adiposity N Granados et al RESULTS Vitamin A given orally as RE was readily absorbed by suckling rats In this work, rat pups received a daily oral supplement of RE, the major dietary form of vitamin A from animal products, during the entire suckling period. To verify that exogenous RE was absorbed, HPLC analysis of retinoids in serum taken from 10-day-old pups between 1 and 2 h after vehicle or RE administration was performed. As expected, serum RE concentration was significantly higher in the RE-treated pups (0.619 ± 0.152 mM) than in their control counterparts (0.242±0.030 mM) (Po0.05, n ¼ 3-4 pups/ group). Similar results were obtained in 20-day-old pups. Additionally, RE-treated rats at day 21 had markedly increased RE and free retinol levels in liver ( Figure 1b ) and total retinol (free retinol plus RE) levels in iWAT (Figure 1c ). Serum retinol levels were unaffected by RE treatment, reflecting vitamin A homeostasis (Figure 1a ).
Early vitamin A supplementation led to increased RA-mediated responses in tissues of young rats Control and RE rats (day 21) were compared for the expression of intestine-specific homeobox (ISX) mRNA in the intestine and CYP26a1 mRNA in liver and iWAT. ISX is a gut-specific transcription factor that is induced in intestinal cells by RA via RAR and functions to limit intestinal beta-carotene absorption and conversion to vitamin A through its effects on gene expression.
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CYP26a1 is a RA hydroxylase that is transcriptionally induced by RA in a RAR-dependent manner. 44 ISX mRNA levels in intestine and CYP26a1 mRNA levels in liver and iWAT were higher in the RE rats than in the control rats (Figures 2a-c) , indicating increased RA-mediated transcriptional responses in tissues of RE-treated animals. Aldehyde dehydrogenase 1a1 (Aldh 1a1), which catalyzes RA production from retinaldehyde, 45 was expressed in tissues of 21-day-old rats, and its mRNA levels in iWAT, but not in the liver, were downregulated in the RE rats (Figures 2d and e) .
Early vitamin A supplementation affected adipose tissue development in young rats At the end of the treatment period, on day 21, there were no differences between control and RE rats in liver mass (control, 1.55±0.04 g; RE, 1.60±0.04 g), body weight (control, 41.3±0.9 g; RE, 41.3 ± 0.6 g), fat depot mass (combined mass of WAT depots: control, 0.56 ± 0.03 g; RE, 0.56 ± 0.03 g), or serum leptin (control, 1233±118 pg ml -1 ; RE, 1167±142 pg ml -1 ) (n ¼ 13-16 animals/ group). Histological and molecular analysis revealed, however, differences in iWAT between control and RE rats. A shift of adipocyte population towards smaller size was evident in iWAT of the RE rats (Figure 3a) . The Kolmogorov-Smirnov test demonstrated that the difference in distributions of cell size between both groups of animals was statistically significant (Po0.0001).
RE rats displayed a reduced expression of PPARg in iWAT evident both at the mRNA and the protein level (Figures 3b and c) . Gene expression of the PPARg downstream target, lipoprotein lipase, was also reduced in iWAT of the RE rats (Figure 3b) . Additionally, RE rats had 90% higher PCNA mRNA levels and a trend of reduced mRNA levels of the cell cycle break p21 in iWAT compared with the control rats (Figure 3d ). Increased PCNA expression was confirmed by immunohistochemical analysis, which showed more PCNA positive nuclei in iWAT sections from the young RE rats than in those from control rats (Figure 3e , microphotographies I and II; Figure 3f ). Interestingly, in the RE rats, PCNA positive staining was observed not only in typical adipocyte precursor cells (Figure 3e, III) , but also in cells with small cytoplasmic lipid droplets, i.e. already engaged in terminal adipogenic differentiation (Figure 3e, IV) . There were no differences between the control and the RE group in the gene expression in iWAT of the preadipocyte markers Pref-1(control, 1.00 ± 0.21; RE, 0.86 ± 0.27), Sox9 (control, 1.00±0.30; RE, 1.04±0.38) and Kruppel-like factor 2 (KLF2) (control, 1.00±0.15; RE, 0.86±0.08) (numbers in brackets are the mean ± s.e.m, of 13-14 animals/group).
Early vitamin A supplementation led to increased adiposity following HF diet feeding later in life To study the influence of vitamin A intake during the suckling period on ulterior adiposity, rats that had been treated daily with vehicle or RE from day 1 to day 20 of life were fed after weaning either a NF or a HF diet for 16 weeks. Body weight gain and cumulative energy intake were not affected by early vitamin A treatment and were higher, as expected, in the HF diet-fed groups than in the NF diet-fed groups (Figures 4a and b) . Rectal temperature was found to be equal in the four experimental groups at different time points of the experiment (80, 91 and 123 days of age) (data not shown). Strikingly, despite no differences in body weight, the rats treated with RE during the suckling period developed higher adiposity on the HF diet than the control rats. Increased adiposity in the RE rats was apparent by ECHO-MRI analysis already after a relatively short period of HF diet feeding (40 days) (Figure 4c) , and was paralleled by reductions in the percentage of lean body mass (Figure 4d ).
In accordance with the ECHO-MRI results, after 16 weeks of HF diet, the mass of all WAT depots dissected was higher in the RE rats than the control rats (Figure 5a ). Increased fat depot expansion was particularly pronounced for the subcutaneous inguinal depot (48% excess vs 25% and 19% excess for, respectively, the gonadal and retroperitoneal depots). Overall, the adiposity index following HF diet was 30% higher in the RE rats (Figure 5b) . Importantly, no differences in body composition or adiposity were observed between the RE and the control rats on the NF diet (Figures 4c, d and 5a, b) . Leptin levels in serum Figure 5c ) and leptin mRNA levels in iWAT (Figure 5d ) reflected changes in body adiposity: they were increased following HF diet, and to a greater extent in the RE rats than in the control rats.
In both control and RE rats, iWAT expansion following HF diet feeding was accompanied by increases in adipocyte diameter and total tissue DNA content, indicating both a hypertrophic and a hyperplasic component (Table 1) . Remarkably, it was the hyperplasic component of HF diet-induced adiposity gain that was enhanced in the vitamin A-treated rats. Thus, 16 weeks of HF diet feeding associated with an increase in total iWAT DNA content by a factor of 5 in the RE rats and of 2 in the control rats, while adipocyte size increased by a factor of B1.5 in both groups (Table 1) . Adipocyte size was higher in the RE rats than in the control rats under both NF and HF diet (Table 1) , and additional analysis revealed higher expression levels of genes for proteins involved in lipid uptake in iWAT of the RE rats (Supplementary Figure1) .
Fat depots might be involved in preventing deleterious lipid accumulation in other tissues. 46 We therefore examined whether increased adiposity in RE rats vs control rats following HF diet was associated with a better metabolic profile (Supplementary Table 1 ). Liver fat content, circulating levels of glucose, nonesterified fatty acids, triacylglycerol, resistin in the fed state and QUICKI were all negatively affected by HF diet feeding similarly irrespective of treatment with vehicle or RE in early life. Glucose tolerance by the end of the HF diet challenge was somewhat more impaired in the fattier HF diet-fed RE rats (Supplementary Table 1 ). Thus, increased adipose tissue expansion after HF diet in the vitamin A-treated rats did not correlate with improvements in obesity related complications, although no gross aggravation was either evident.
Retinoid levels in serum and iWAT of adult rats (day 135) were unaffected by RE treatment in early life or HF diet feeding (Supplementary Figure 2) . RE levels in liver remained slightly higher in the adult rats that had been treated with RE in early life (Supplementary Figure 2) .
DISCUSSION
This study shows that a moderate ( Â 3) excess of vitamin A intake as RE during the suckling period leads, in rats, to changes in WAT at the time of weaning and to increased adiposity gain following a HF diet later in life. To our knowledge, this is the first study specifically addressing the influence of early vitamin A supplementation on later adiposity. The pro-obesogenic effect of early vitamin A supplementation was evidenced in two independent experiments using different cohorts of animals and, importantly, only upon a HF challenge, that is, under environmental conditions favoring adipose tissue expansion. The effect was strong (30% excess body fat mass in the HF diet-fed RE-treated rats relative to their control, vehicle-treated littermates) and was paralleled by increased leptinemia and adipose leptin gene expression. Higher adiposity in RE rats vs control rats after HF diet developed in the absence of changes in body weight, energy intake or a proxy measurement of basal energy expenditure (rectal temperature), thus pointing to differences in nutrient partitioning, with a greater drive to WAT in the RE rats. Excess adiposity gain in RE rats after HF diet was attributable to excess adipocyte hyperplasia, rather than excess adipocyte hypertrophy and, interestingly, an increased cell proliferation potential was found in WAT of young RE rats at weaning. Importantly, total retinol levels in WAT of Vitamin A in early life and adiposity N Granados et al RE-treated rats were elevated by the time of weaning (day 21) but normalized by day 135 of age, supporting the concept that early effects conditioned the adipose tissue phenotype exhibited later following a dietary HF challenge. WAT development in the rat takes place within the first 30 days of postnatal life, 47 and excess vitamin A within this period elicited changes in the developing tissue. In particular, iWAT of RE-treated rats at weaning was enriched in small adipocytes and in PCNA, a classical marker of proliferative status, while displaying a reduced expression of the master adipogenic transcription factor PPARg and its downstream target, lipoprotein lipase . These results are in keeping with the general assumption that cell proliferation and differentiation are mutually exclusive phenomena. However, the expression of known preadipocyte markers assayed (Pref-1,Sox-9, KLF2) was not increased in the iWAT of young RE rats. We interpret these results as indicating that a moderate excess of vitamin A at key developmental stages favors the development of immature Orally administered RE was efficiently absorbed and likely fueled RA production in tissues of young rats (day 21) including WAT, which expressed Aldh 1a1, the principal postnatal Aldh isoform involved in RA production from retinaldehyde. 45 Known RA-mediated transcriptional responses were enhanced in the tissues of RE rats at weaning (day 21), including downregulation of Aldh 1a1 expression in iWAT. 13, 49 Downregulation of Aldh 1a1 in the face of upregulation of the RA-degrading enzyme CYP26a1 is suggestive of a homeostatic mechanism to keep constant intracellular RA levels in WAT. The increased cell proliferation potential found in iWAT of young RE-treated rats is in line with repressive effects of RA on the expression of cell cycle breaks (p21 and retinoblastoma protein) previously reported in adipocyte cell models, 50 and with increased thymidine incorporation in cultured adipose precursor cells exposed to RA. 51 Reduced PPARg expression in iWAT of vitamin A-treated young rats is also in line with previous reports. 16, 34, 35 All in all, the data are consistent with RA being involved in mediating the effects of early RE treatment on WAT of young rats.
Many studies have addressed the impact of vitamin A derivatives on body adiposity in adult animals, pointing to an antiobesity action. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] On the opposite, in the present study a three-fold excess of vitamin A intake in early life (day 1 to day 20 of life) exacerbated WAT expansion in response to a HF diet later in life. The reason(s) of this apparent discrepancy is unknown but could relate to concentration-dependent effects, because studies in adult animals typically used relatively high retinoid concentrations (reviewed in 10 ). Developmental stage-dependent effects may also be involved. Interestingly, short-term exposure of young rats (50-70 g, age 3 weeks) to a HF (cafeteria) diet resulted in higher adiposity when the diet was enriched with a four-fold excess retinol. 52 In the later study, the synergic effect of vitamin A and HF diet in WAT development was concomitant with a higher proliferation competence of precursor cells isolated from the animals' fat depots. 52 In a study in lambs, supplementation with a 30-fold excess retinyl palmitate from birth and during the whole period of growth (until day 101 of age, under standard feed) did not influence adiposity, but resulted in a 30% increase in the number of adipocytes in the perirenal depot, and in smaller adipocytes in this and other fat depots. 53 Therefore, our study and these previous studies point to a pro-obesogenic effect of excess vitamin A intake in early life, and to an influence of vitamin A intake in early life specifically on adipocyte number in fat depots. Studies have highlighted adipose tissue cellularity as an important determinant of fat mass, 48, 54 and suggested that increased adipocyte number might per se lead to obesity. 55 In summary, this work shows that a moderate (three-fold) excess vitamin A intake in early life associates with an increased proliferative capacity in WAT at weaning, and with higher adiposity gain and WAT hyperplasia in response to an obesogenic diet afterwards. The results might have implications for the obesity pandemics and particularly for childhood obesity, as the vitamin A content of human milk is related to maternal vitamin A status and intake during lactation. 56 
